INTRODUCTION
In the liver, fatty acid synthesis and oxidation (hence ketogenesis) are controlled in a reciprocal manner by the inhibition of the overt form of carnitine acyltransferase (CAT 1) by malonyl-CoA (McGarry et al., 1978; McGarry & Foster, 1979 , 1980 . The hepatic concentration of malonyl-CoA parallels the rate of fatty acid synthesis in the short term in the rat (Guynn et al., 1972; McGarry et al., 1978) , which exhibits rapid rates of fatty acid synthesis, and in the sheep (Brindle et al., 1985) , which has a low capacity for fatty acid synthesis.
The sensitivity of CAT 1 to inhibition by malonyl-CoA has also been demonstrated in mitochondria isolated from other tissues. These include the kidneys, oxidative tissues, such as heart and skeletal muscle, and lipogenic tissues, such as white adipocytes and lactating mammary gland (Saggerson & Carpenter, 1981; McGarry et al., 1983) . On the basis of these results, it has been suggested that the reciprocal relationship between fatty acid synthesis and oxidation also exists in extra-hepatic tissues. However, measurement of malonyl-CoA content of these tissues has been limited to heart and skeletal muscle and not related directly to rates of fatty acid synthesis (McGarry et al., 1983) .
In homoeotherms, thermogenesis in brown adipose tissue is associated with high rates of fatty acid oxidation (Nicholls & Locke, 1983) . In animals maintained on a low-fat diet, it is also associated with high rates of fatty acid synthesis, in both short-term (Rath et al., 1979) and long-term (Trayhurn, 1979) cold-exposure. CAT 1 in mitochondria from brown adipose tissue is extremely sensitive to inhibition by malonyl-CoA in vitro (Saggerson & Carpenter, 1982) , suggesting that a similar mechanism controls fatty acid metabolism in this tissue.
To explain the apparent paradox of simultaneous fatty acid synthesis and oxidation, we have measured the concentration of malonyl-CoA in brown adipose tissue of cold-exposed mice. This has been compared with changes in response to starvation and re-feeding. The concentration of malonyl-CoA in brown adipose tissue was compared with rates of fatty acid synthesis measured in vivo. We have also assayed acetyl-CoA carboxylase and fatty acid synthetase to compare the mechanisms regulating fatty acid synthesis and contents of malonyl-CoA in brown adipose tissue during cold-exposure and altered nutritional states. A preliminary account of some of the results presented in this paper has been presented elsewhere (Buckley & Rath, 1985) .
MATERIALS AND METHODS Animals
Female mice, aged 6-8 weeks, were obtained from a random-bred closed colony maintained at Queen Mary College, into which the ob gene had been incorporated. light/dark cycle, until immediately before being killed. All mice were separated into individual cages 48 h before the experimental time point. Since the rate of fatty acid synthesis varies diurnally (Hems et al., 1975) Fatty acid synthetase required for this assay was purified from livers taken from starved/re-fed male mice by the method of Nepokroeff et al. (1975) . The specific activity of the purified enzyme was 230 munits/mg of protein for batch 1 and 495 munits/mg of protein for batch 2. Enzyme assays
Crude enzyme extracts were obtained as described by Halestrap & Denton (1973) . After removal and freezing of tissue in liquid N2, about 115 mg of tissue/ml was homogenized in potassium phosphate buffer (50 mM), pH 7.3, containing EDTA (2 mM) and glutathione (4 mM). For the assay of fatty acid synthetase, albumin was added to the homogenates to give a final concentration of 10 mg/ml. Homogenates were spun for 1 min at 10000g, the infranatant was removed by syringe, and assays commenced within 5 min.
Acetyl-CoA carboxylase ('initial' activity) was assayed by the incorporation of [14C]bicarbonate into malonylCoA by a modification of the method of McCormack & Denton (1977) . The concentration of acetyl-CoA was varied between 0.01 and 0.1 mm to determine the Km, which was found to be 0.11 mm for acetyl-CoA. The activity of acetyl-CoA carboxylase was routinely assayed in the presence of 0.5 mM-acetyl-CoA and 2 mM-citrate. One unit of acetyl-CoA carboxylase activity is defined as the amount that will catalyse the conversion of 1 ,umol of substrate/min at 37 'C.
Fatty acid synthetase was assayed by the method of Zammit & Corstorphine (1982) . The concentration of malonyl-CoA was varied between 2.7 and 250 /M to determine the Km. This was found to be 18 4tM, which is similar to the values of 10 /SM for rat liver (Nepokroeff et al., 1975) and 13 /LM for mammary-gland enzyme (Smith & Abraham, 1975 (Czech et al., 1974) , which is 17% (Saggerson & Greenbaum, 1970) . It is noteworthy that these high concentrations of malonyl-CoA in brown adipose tissue were measured when rates of fatty acid synthesis in the tissue are at their lowest in the 24 h cycle (Hems et al., 1975 Denton, 1977; Agius & Williamson, 1980; Sugden et al., 1981) . The concentration of malonyl-CoA changed rapidly in response to starvation and re-feeding (Table 1) , as in other tissues (McGarry et al., 1983) . Within 2 h of re-feeding, the concentration of malonyl-CoA had doubled from the starved value to be slightly higher than in fed controls.
A linear relationship was observed (r = 0.945) between the rate of fatty acid synthesis and the concentration of malonyl-CoA in brown adipose tissue obtained in different nutritional states, in agreement with results obtained in the rat liver (McGarry & Foster, 1979; Guynn et al., 1972) and sheep liver (Brindle et al., 1985) . Contrary to the results obtained for hepatocytes (Brindle et al., 1985) , significant amounts of malonyl-CoA were measured with (relatively) low rates of fatty acid synthesis.
Thus the regulation of fatty acid synthesis in brown adipose tissue in response to short-term starvation and re-feeding appears to be similar to the regulation in the liver (Guynn et al., 1972 (Guynn et al., , 1973 Zammit, 1981) , white adipose tissue (Stansbie et al., 1976) and mammary gland (Munday & Williamson 1982) . It is probable that the rapid changes in acetyl-CoA carboxylase activity ( Sugden et al. (1981) ] stimulated by rapid changes in plasma glucose concentration (Table 1) .
Cold-exposure. In contrast, changes in fatty acid synthesis in response to acute cold-exposure did not parallel changes in acetyl-CoA carboxylase activity (Table 2) , and no correlation was found between the malonyl-CoA content of the tissues and the observed rate of fatty acid synthesis in cold-exposed mice (r = 0.0214).
The rapid decrease in synthesis after acute (2 h) cold-exposure is similar to those reported in rats in response to noradrenaline (Agius & Williamson, 1980;  Gibbins et al., 1985). However, in contrast with the findings of Gibbins et al. (1985) , there was no (14) 109+2 (98) 490+2 (7) 254+16 (14) 13+2 . (4) 18 + 3.0 (5)t 720+ 140 (5)*t 2100+200 (18) 87+16 (24) 2.3 +0.5 (3)** 294+ 116 (3)*t t Food intake measured during the 2 h re-feeding period after 24 h starvation. concomitant fall in the activity ofacetyl-CoA carboxylase (Table 2 ). Noradrenergic stimulation of brown adipose tissue may inhibit acetyl-CoA carboxylase in vivo by increasing the cytoplasmic concentration of fatty acylCoA as it does in white adipose tissue (Denton & Halperin, 1968) , despite the increase in concentration of the activator citrate (Table 2) (Halestrap & Denton, 1974; Carlson & Kim, 1974) . However, this would result in a decrease in the concentration of malonyl-CoA in parallel with fatty acid synthesis, since there is unlikely to be a decrease in the activity of fatty acid synthetase within 2 h, whether by changes in enzyme protein (Craig et al., 1972) or by removal of the 4'-phosphopantetheine moiety (Yu & Burton, 1974; Das, 1980) . The malonyl-CoA content of brown adipose tissue was unchanged during the first 24 h of cold-exposure, although the rate of synthesis apparently decreased after 2 h and increased after 24 h compared with controls. This suggests that synthesis was constant and that the incorporation of 3H from 3H20 into tissue fatty acids is not a valid measure of fatty acid synthesis under these conditions. However, it is not possible to account for the 7-8-fold variation in labelling of fatty acids during acute cold-exposure simply by variation in the source of hydrogen atoms entering fatty acid during its synthesis. 3H incorporated on to the even-numbered (a) carbons of fatty acid are derived from water and could not be altered. 3H incorporation on to the odd-numbered (/1) carbons could be affected by alterations in the contribution of NADPH derived from the malate cycle (which would be labelled) rather than unlabelled from the pentose phosphate pathway (Jungas, 1968) , but this could only account for a variation of approx. 15%, not for the large variations in 3H incorporation into fatty acid observed.
It is also unlikely that the 7-8-fold variation in the observed rates of synthesis during acute cold-exposure were caused by the uptake of labelled fatty acid from the circulation. Hepatic synthesis increased from 27 + 3 to 60 + 5,umol of C2 units/h per g (means + S.E.M. for nine and three observations respectively) after 24 h coldexposure (see also Rath et al., 1979) and in coldacclimated mice (Trayhurn, 1981) , when synthesis in brown adipose tissue apparently increased. However, experiments using inhibitors of lipoprotein lipase suggest that hepatic synthesis is unlikely to contribute significantly to the increase in 3H-labelled fatty acid in brown adipose tissue of cold-exposed mice (Trayhurn, 1979) .
The results support the hypothesis that fatty acid synthesis and fatty acid oxidation occur simultaneously in brown adipose tissue, so forming a heat-producing substrate cyc1 as proposed by Masoro (1963) . Newly synthesized fatty acids may be preferentially oxidized, and 3H incorporation may underestimate synthesis. The relative rates of synthesis and oxidation may depend not only on ambient temperature but also on the housing of animals. It has been reported that the thermogenic activity in brown adipose tissue depends on the housing of animals (Jennings et al., 1986) , as does fatty acid synthesis. Mice maintained at 22°C in groups have significantly lower rates of fatty acid synthesis (P < 0.005) (27.1 + 4 jsmol of C2 units/h per g, for six observations) than do mice housed singly (Table 2) . In contrast, rates of synthesis after acute (2 h) cold-exposure were similar whether the mice were housed in groups (22.4 + 6,mol of C2 units/h per g, four observations) or singly (Table 2) . Thus the response to acute cold-exposure may depend on the maintenance of control animals and hence their relative rates of synthesis and oxidation. This may partially explain the report of an increase in synthesis after 1 h cold-exposure of mice housed in groups (Rath et al., 1979) , in contrast with the decrease after 2 h in mice housed singly (Table 2) .
After long-term cold-exposure, when fatty acid oxidation is enhanced (Nicholls & Locke, 1983) , 3H incorporation into fatty acids is also increased (to rates approaching those measured in starved/re-fed mice). The increase in fatty acid synthesis may be explained by the increase in activities of acetyl-CoA carboxylase and fatty acid synthetase. McCormack (1982) speculated that insulin may effect this increase in fatty acid synthesis in brown adipose tissue. Although plasma insulin is not increased in cold-adapted mice (Trayhurn, 1981) , nor is plasma glucose, despite increased food intake (Table 2; Trayhurn, 1981) , there is evidence that cold-acclimation results in increased sensitivity to insulin in brown adipose tissue (Smith et al., 1986) .
The results suggest that simultaneous fatty acid synthesis and oxidation does occur in brown adipose tissue of cold-exposed mice, although CAT 1 remains extremely sensitive to inhibition by malonyl-CoA. In cold-exposed mice, the minimum concentrations of malonyl-CoA in brown adipose tissue (between 14 and 44 /M) were above the concentration of 10 /M reported to cause maximum inhibition of CAT 1 from brown adipose tissue in vitro in the presence of 40,sM-palmitoylCoA (Saggerson & Carpenter, 1982) . The inhibition of CAT 1 by malonyl-CoA in vivo is dependent on the concentration of free long-chain fatty acyl-CoA present (McGarry et al., 1978; Cook et al., 1978) . It is possible that on cold-exposure increased CAT 1 activity and fatty acid oxidation in brown adipose tissue may be effected, not by decreases in the concentration ofmalonyl-CoA but by increases in the concentration of long-chain fatty acyl-CoA.
An alternative mechanism is that the requirement for CAT 1 is effectively by-passed in brown adipose tissue on cold-exposure. Long-chain fatty acids may undergo partial oxidation in peroxisomes (Nedergaard et al., 1980) . The shorter-chain fatty acids so formed could enter the mitochondria independently of CAT 1 activity (McGarry & Foster, 1980) . Furthermore, a product of peroxisomal oxidation, acetyl-CoA, could become a substrate for fatty acid synthesis, supplementing that produced by pyruvate dehydrogenase in the mitochondria.
